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Mu LTI-SENSOR MEASURENENT OF THE MOTION STAZILITY
OF AN ACTIVE CONTROLLED ISOLATION TEST PAD

Bill J. Simmons
Frank J. Seller Research Laboratory

Uni ted States Ai r  Force Academy
Colorado Springs , Colorado

Abstract potential for ultra low noise instrument tests , is
disucssed as veil as its use for controlled low

Performance data of a variety of motion sensors level excitation of test instruments.
at controlled sub—seismic excitation levels t~ pre-
sented. Sensors compared include representative
state—of—the—art seismometers and tilt detectors , 

I . introduction

as well as newly developed quartz fibre J inear and
angular motion sensors developed under AFSC/FJSRL 

The purpose of this paper is twofold; (1) to

sponsorship, and the TCC gyro. The basis for a 
present the pad motion stability status after im—

stable low level motion test pad , and cal ibra ted 
plementing several seismometer/shaker control chan—

controlled excitations is a pneumaticall y supper— 
nels , and (2) to present some comparative perfor—

ted , actively controlled Isolation lest Pad (iso— 
matice data between recently developed and other

Pad). . The Iso—pad is motion controlled at  high 
high quali ty motion sensors.

frequency to local level with precision level—
sensor/pneumatic—activator servos, and controlled 

The instrument parameters ci most interest in

at high high frequencies in 6 degrees-of—treedom 
develop ing improved test techniques and motion

with inertial—sensor/electromagnetic shaker—activa— 
contr ol are threshold sensitivity, stab ility, si g—

tors. The current stability of the T.io—pad and its 
nat/noise (s/n), and frequency response. The need
for a more stable test base (or pad) is evident
when one considers that sensor specifications for
threshold sensitivity are orders of magnitude below
the nominal motion of a good test pad of seismic—

eumatic .~o1s mass design.  The latest generation of inertial
Typ ca 

~~~ ~~~~~~~~~~~~~ 
~~~~~~ guidance  components , fo r  examp le , will generate a

I significant error it  angular rate deviat ions of
0.001 arc sec per minute in attempts to determine

I instrument response at 1 lIz , the motion of the test
pad Bust he controlled , or at least known , to about

arc ~~~~~~~ The development and description
of the iso—pad toward its target specifications of
0.001 arc see , equal  to 3/4 mic ro inch  li near mo-

I-. - 
t ions at the Iso-pad edge , will he br iefly covered.

~. ~ x ~~~~~~~~~~~~~ ~~~ i .. ,
~

. T u e  c u r re nt  s t a b i l i t y  of the  Is o—pad w i l l  be

~~~~. ~~~~~ ~~~~~~~ 
co~ crud  In s u f f i c i e n t  d e t a i l  as is n ece s sa r y  to
e st a b l i s h  an env i ronmen t  for  i n s t r u men t  measure-
m e n t s  a t  low level.  The TGG gyro  was cons idered
as the reference in establishing stability goals ,
and in turn becomes an instrument for the evalua—

20 ~~~~~~~~~~~~ 
—÷ • -

~~ •~ 
., 

tion of any substandard stahuitv .
- 

It will be shown that the so—called instrument

- - - . 
comparisons generally do not provide a good mea-
sure of the relat ive m e r i t s  of Instruments of the
same type and purpose. Although th is paper was

— -- -~~ - — 
no t  intended as an instrument survey and evalua.’

— 
I i~~n , t he re ’lat  iv ’. c a p a b i l i t y  of severa l  t y p e s  ci
,,,,sor~: used for (he various linear and angular

So - 
TOot Ions is shown , it will he ev i d e n t  from the
si;~e ol th e e ) I i p m v n t  to to’ mo nitor~-~i t h a t  no s in —
g i ”  t v p i  ot  sensor w i l l  s u t u re b r  i ll mot i~~it

— 
detei ’min al i o n s .  The I so—pad , a 2 ” i t .  s q i , i i r i -  by
e ig ht  I ;  . h i p .  r e i n f o r c e d  cone ret  e s tr u c  t u i - c
support  i d  by  (P “ s p r i n g . , is a h i g h l y  an i s o c l as

— —  . . ~

. 

.- ~~~~~~~~~~~~~~~~~~~~~~ noll t i g i d  s v st em  i . v.  . lt  I S

+ ., ._. , * 
The size’ and w e ig h t  u f  s, ’I is or s  u s e 1 t o t  i so—

p a l  tm ,isu rement  s i s  r e l at  i v u . I un Imp ortant

1’ . -
~~ 

F h c r . - t u . ’r , , la rge , sensi t I V C  s u - l . n h ~~~u - ! c I . ~ , or

ass i - ; . -  ‘ 

I m i - a r  i r e u ’ Ie ’r omt ’ters  c ou l d  he’ used i i ’  m o n i t o r
m i t  I t a t  — ‘ i  ion ‘i t i n  I s o — p a u l  o t h u .’ * ‘ q u t h r c d
1/ -.  m i u ’ i u ’ I n  . and V u - I  due i i  met i . , ,  i n i e r u s u l  1*,

1(’uIpvr lK ht ~ Amcrtu.~ n i nstituut, - of ~~~~~~~~~ s( Astronautics. 1 Ftc,. I U’~ A It rights r i s c r u c i t
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the Iso—pad , provide false information of the sur— Resonant Excitations
face upon which a gyro test table is mounted . Con-
trarily, sensor’s of required characteristics and An additional source of large peak vibrations
appropriate size and weight to allow mounting sever— on the Iso—pad are resonant vibration modes of the
al on the gyro test table itself are not presently Iso—pad and of test equipment mounted on the iso—
available. These other considerations have led to pad . The more im?ortant of the former were identi—
the use of instruments in several sizes and response fied by Broderson~

4) . Iso—pad system vibrations
characteristics in both linear and angular typos of flOW identified are ‘+8. 59 , 65 , 67 , and 350 Hz.
inertial motion sensors . The instruments and the Transmitted input excitations of these frequencies
TGG gyro will be described , and compared in so f a r  are small , but t’- e effect can be relatively large
as possible ,,a an uncommon basis — the Iso—pad. when compared to the active—control , low frequency .

residual. The proximity of three resonances to
A.C. line pick—up at 60 Hz has been a servo etabi—

~ ~~~~~~~ lization problem.

Background Some test equipment resonant modes have bean
iden ti f i ed , the mos t serious frequencies being at

The isolation test platform (Iso—pad) at the 23 and 26 Hz. These are traceable to the structu—
USAF Academy has been descr ib ed by several workers ral mount of the gyro teat table to the leo—pad.
In previous papers .(l)(2)(3) Br iefly the Iso—pad ,
Fi gure 1, is a 450,000 pound reinforced platform , 25 Stability improvement by Active Control
ft. on a side , supported by 20 pneumatic isolmtors.
The most recent advance in the progression to As stated above , the basic active—servo con—
“ac tive control” was presented by Broderson (4 ) by t rol loop, multi—channel concept , and one—channel
configuration , analysis and single axis performance performance has been previously covered(4) . Some
data. Low Frequency Inertial motion is sensed by improvement has been obtained by optimizing servo
TM— 3 Tiltmeter and signals generated to correct compensation and seismometer damping. No large
level orientation by pressure changes in the pneu— change in single—channel performance was observed
matic actuators. High frequency inertial motion is as a result of activation of multi—channels other
sensed by 8 US—lO (1/2 lIz) seistu001eters and correc— than the two horizontal axis angular servos .
tion signals to apply counter torques to three axes
of angula r  contro l , and forces to  three linear The improvement in N—S angular stabilit y,
translation controls , with electromagnetic shakers. (about an E—W axis) with known simulated personnel
The six channels of the seismometer/shaker servo motion excitation is shown in Figure 3. A stabili—
have been activated . Typica l performance data is ty of 2—3 millisrc seconds rms of the N-S axis
shown below . (Figure 4) is obtained by active control of the

angular servos , and restrict ing personnel t r a f f ic
Passive Performance (“quiet conditions ”).

The mode of operation where the Iso—pad is sup-
ported and ma in t a ined  at “ f loor level ” , has been
termed “passive” . The pad is i . ’t  ; t . h  i i i  ‘cd w i t h
respect to the gr a v i t a t i o n a l  vec to r , nor any a z i m u t h
reference , however , there is a si gnificant reduction l8di
in vibration levels above 3 — S l iz .  As po in t  of ~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 

- - —-- ——-4---— —4-—-

reference , Figure 2 shows one mode of motion , ver-
tical, as it exists on a ground contact system , and
the “ f loa ted ” sys tem.  - -

PER VO—OFF
Input Excitations JFPD= 0 . 3  volts ’

The base f l oo r  mot ion  ( v e r t i c a l  is shown in N- .’ Angular m~ t io,
Figure 2) Is but one source of input excitation to 

________ 
i~~~ 1’PD 2Odi~ div

the Iso—pad . The tine variant input excitations
al so inc l ude the f oll owing :  acous ti c and pressu re
transIent coupling to the I so—pad , and i n d i r e c t l y 

~~~~~~~~~~ -v ia the false floor; false floor resonance vibra-
tions and acoustic coupling to the Iso—pad ; air
conditioning pressure t ransients; base floor motion ;
and mechanical coupling via air lines and electrical -— — 

conductors. There ar’. strong correlation peaks be-
tween base floor and iso—pad at 4.5, 10.5, 12.7 , an~ f ”~ 

i~ .0 OO3

19.2 Hz. Acoustic acid false floor vibration P511’s - - -  — 

al so have peaks observable on the Iso—pad PSD. p,n l M i ’H IV }.IIIiN T : lOPe

examp le of the t i rg e  resonant mode, oscillations of
the passive isuu —p ad resulting from very small input - - - 

~~~~~~~~~~
‘ -

i ’ x u i t . It ions , is t h e effect of personne l tr a ffic.
The laboratory where’ the Iso—pad is located , ha s a
low (0.2 inch  of H I)) pressure to f a c i l i ta t e  the’ ~+ — - 4---+ -4—-4--4--- - - - - -4 +

- - C
required air flow .2 Iii,’ m a g n i t u d e  ~ f t h e  a ngu l a r “equency—li ~Osc i i  lat  ion , w i t h  “mu ’dt ’ra Ic ” door o p e n i n g s , i s  about
0. 1 .-lr c Sri - . F i g .  ii i i i  y I m j - r - ; . ’rn ” st by A ’ ~ i we Ci’rv



millisrc second range with the tilt servo controls,
Cenerally, the low frequency hand l0—~ to 10—1 Hz ,

t in e  = 90 ‘..~~‘ ~~~~~~~~~~~ 
., ._.~~~ has not been evaluated to the extent desired; this

~~~~~~~~~~~~~~~~~~~~~~~~~ has been partly due to the sensitivity roll—off of
the IIS—lO’s used in the seismometer/shaker servos
from 0.5 Hz to D.C. This sensitivity problem is an
area where improv ements have been initiated .

I 
- - 

Method of Controlled Excitation

i 0. - ”
i ~J1~I1i One of the most important uses of an active-

,‘ ~~~~~~~~~~~~~~~~~~~~~ control iso—pad has been for imposition of known

SERVO OFF excitations to test specimens. For example , dur ing

~~‘ a gyro test a given frequency of angular vibration
could be imposed about an E—W axis and the effect
measured on tuue gyro performance. Or all motion in

~~~~~~~~ ~~~~~~~~ ‘
. 6 degrees—of—freedom at one test site could be sea—

t~~~ Inne r  5t~~ ~~~~~~~ 
sured , taped , and used as excitation to the six

- -  channels of Iso—pad active control servos. The

~~~ ~~~~~~:
Fig. 1t Real ti~~ - ~~~~~~~~~~ 

oscillators , and random noise generators , were im—
posed on the tilt servo for low frequency excita-
tion as well as on one or more of the selsmometer/
shaker servo c h a n n e l s .

Fig ure 5 shows PSO ’s of all 6 channels where
the N—S and E—W angular servos are “ON” , as well as —

the channel indicated . Improvement emphas is ha s N

been on N—S angular stabilit y , as t hat which is r - — —  - - — - — - -
~~~ ~~~~~~~~~

generally the most important to gyro tests. The r—
~

— -  - - -i L
horizontal translation , and azimuth s channels are I ‘

subject to improvement with existing sensors. j~
” . — - -  -

- 
~~~~~~

— -- - - I
The PSI) plots of figures 3 and ~ do not extend J 1

to “near D.C.”; however , previ ous measurements . . L. -In .. ’ - , -

show that the 1—2 arc sees peak to peak dail y level 1 - (  ——-  ,~ . - -- ‘V ~~
of the passive Iso—pad (10 ” l i z )  are r educed  to  the  L±i_ 

~~~~ .J 
I 

- - L- -~’

I ~ I ~ ~~~~~~~—~~~~~~~~~~~
—-

~~~
- -

~~~~~~
-÷ ~~~~~

— —---
~~

- I

~~~ Odb log P50’ s L 
-

. 
~~~ i

N—S Ang

6 p i g .  6 i’.x~-i  I tu 1 ~-n -~~~‘i .‘ii ~.’i~ i c’ ( .‘~ , ‘ * 1 1

igh~ ~ Two o t h e r  f o r m s  of cxc i t  a t  ion used ou ’asslo n a l—
l y ,  are s t e p — i n p u t s  to  v e r t i c a l  shaker  channe l s  by
means of we I glut Ii f 1 s on t tue pad , and t lie use of a

A’ 
“floating ” shaker , positioned on th e Iso-pad without

~~some ~~~~~~~~~~~~~~~~~~~~ 

or c a l i b r a t in g i n st rumen ts
e.g ., seismometers , Isave been covered In previous

N tizt 
papers(S)(6) 

III . r ment s

The inve’ntory of motion sensors used in Iso—
pad development and evaluation vary greatly. Es-

-4- * + — - * • 4 4 ~~ ~~ .~~~~. cept for teSt specimens , e.g., the TGG gyr o, there
.5 1 1 ~‘O was no jut, - ’ t o  compare motion sensors other than

as required In associa t ion wI t t u  1su ~— p n d  de v e lopmen t
ig . 5 A,.’~ , ;e~~s. ’~~~ I r r ” r e  - - ‘ The’ primar y goal has he’pn to select 5,-neui rs w it h h

isw3



threshold , usable S/N , long term repeatability, We have found the best S/N when low (240 — 640

low tempera ture coe f f i c ien t , low cross coupling ohms) coil resistance is specified . The EV—22 can

in to the sensi t ive axis , etc., compa t ib le  wi th the be input direc tly into an op amp with its coil as

Iso—pad stability objectives. Another requirement inPut resistor. Most of our EV—22 seismometers

has been for motion mode measurement in 6 degrees— h *jvti a 7.5 Hz natural frequency.

of—freedom from D.C. to a highs frequency to he de— S

termined (initiall y considered to be 100 Hz) and We obtained 4 horizontal and 4 vertical US—lO-

use of sensors in continuous control servos. l’s at 0.5 Hz nautral frequency and 390 ohms coil

Small size could be important if it becomes neces— resistance , for use as sensor in the seismometer/

sary to locate the sensor in close proximity to shaker servos. The generator constant is 2.5 v/

the test specimen. ips. It has good parformance to 0.1 Hz or lower ,
and no in ter f er i ng in ternal vibra t ions have been

Four years ago , sensor compatible with system noted . It was found difficult to maintain stable

objectives of 0.001 arc seconds , appeared to exist matching of HS-l0 pairs at the minimum natural fre—

only for low frequency, level axis, sensors , i.e., quency of 0.5 Hz , but satisfactory when adjusted to

tiltmeters or level detectors , and the n wit h new, about 0.8 Hz or greater.

relatively unproven (i~ use) instruments. The use
of available seismometu’rs at ultra—high gains for Thee “Ceotech ” seismometer , is a larger quality

10—8~ and lower sensitivity, the s table  conversion j~’~5 umere t ad jus tab le  in n a t u r a l  f r equency  down to
of electrical error signals to less than 0.001 psi about 0.7 lIz where it is very stable in perform—

pneumatic control signals.angular sensors better ance. FJSRL has two vertical and two horizontal

than 0.001 deg/hr gyros , and continuous az i m u th  ~~ 0te~ at 3600 ohms coil resistance and generator
sensors of even that accuracy, were apparently non— constant of 16 v/ips . Its size and wei ght restrict

existant. its use in our applications to iso—pad or floor
locations; its mass would effect , for example , the

As a resuli of these factors , F.ISRL has amassed vibration characteristics of thee interna l structure

the motion sensor assortment l ist - -C below : of the gyro test table, 

‘ , ,,,,., Seismometer pairs may be use d as angular sen—
sors by differencing them to obtain angle , however ,

- ‘ 
one must beware of the possible pitfalls. A large

CS - ~. i i ~~~ S u  i’ i i - -~~~r* I - - ‘ - ~ advantage can be gained by locating the seismometer
eec - it  pair at opposite ends of a long lever , e.g., oppo-

- i~~~~~- ’ S - . C ~~~~~, 
S i t e  sides of the 25 ft. lso—pad . However , there

- - - 
is the danger not only of mismatch resulting in

- IS,  -  response to a linear motion , but also u’l bending
I* eh,-* + - .~~ - - - L.’b motions of a non—rigid lever leading ti error in

Ii . ul,ThO n , i , ,  angular motion sensed . Indeed , th e Iso—pad is an 8

- . - - . - - -
~ . ,  

~~,. - ~~~~~~~~ 
foot thsick x 25 foot long x 25 foot wide’ “lever” 
bending at resonant frequencies of 48 — 67 H z .

* C)  I . -k ~~~~~~~ Tiltmeter: Thu’. level sensor in use us servo 

‘ - s  error detector for the past 2 — 3 years is the

0 * +~ ~~~~~~~~~ ~. ~~ 
2—axis TM—3 . Its spc ci fiu - .-st ions are thres h old less

“ i i~~- , than 0.001 arc su’ccuet ds , stability 0.1 arc seconds
per month , and d o ,  t riu ’al output 100 my p er  arc
second . Th ee on l y  feasible test s o  I this thu ru ’sIo Id

An , .U,h i- - - , - ., -n~ -, and stability, at presee t , re’qu ire comparison 0)

AS ~~~i ‘S r . ’S .-, I * I - I ’ S I 
~~~~~~~~~~~ 

,~~ 
two iden t Ic al Un i is . We tiad t lea t oppor toni Iv for
some months wit h a second ‘lM—3 , but tests were in-
conclusive due t o  poor performance of lab th ermal

* Part of the orig inal Iso—pail install ation , controls (Si - ’,’ “improvement ” section).

Basic Specificati ons A new s,’nse r of remarkable sens i t ivit y for its

small size is t h e mercury t iltmeter built try Okuhu’
Seismometers: ho date , .~I I seismomet u-rs in use Instruments. Long term stal ’ili tv ~t t : i ’ t  Inst ru—

on thee Isa—pad are off-thee—steel f inst ruume eet s of the ment has not been dct vrtetleee uh ; tsoe,’ever , the e thure she —
electromagnetic types. Some performance latitude old , like that of tic ,’ TCO gyro and hiS—l U p air , is
exists in most avail able sei~.moii, ’ ters , particularly well below 0.005 arc seconds (See Fi geure~. 7 ~. 8) .
in natur~ 1 I re ’pi u-n ,-y , and coil resistance. ‘thee The output scale fact or is ,-ibout I v / u i  * 5 0*  u ’S)!
EV—22 is -i sma l I low cost se’,isS’r ot a size and sen—
sitivity u’onmeon to several manufacturers , w h ich Two Geotects tilimeters (single—axis), ‘ s u e , ’
fi nds w ilt’ use in the i~,’ephiys i - i l  e x p l o r a t i o n  in— used i n i t i a l l y  fo r  t lIt servo s i lt rol. u - s ,  a te
dustry. Wi th emtub ,-i’ i~, ,u t thur F.ISRt . ;‘r-’jei ’t on high of the mercury, dual septum , dilfe’rent ial c eh u .ec l u —
I re’quee’ns-y (1— I I I : I i - ) ,  and u - ti - - s r  S I 70 compat i O u ’  lu i r desi gn. Now , l e ts than s t a t e ’— c ’I — t  i - — a r t  , t li ,-su’
wi th e gyro table’ i- i -a  - i i i  - m e e t s ,  c r y  huh gte gain (1 )5— cr c ’ used as ba rk—up se’nsu’rs . Spe’c it - I c u t  i o t i s , e r u ’
106) eli -c Iron I a we-re heve l ipi d to test’ i t  Th ur I t S  threshold about 0.112 ar, -,‘.‘,‘ond at aht I i t  V P i l l  u t
thre shold. thee ’ - ,ul t h e  u t ion , matching, te nd use o h  secu,nd p e r day; .iied , ‘ u e t p l u t  .tiu ~ntt I , 7 c i h  s h r l i e

t t e e  E V — 2 2  as ~Su- tia r in .u port ch i c ’ se iy miu - mo n i t r  s.’ s, u u u h u t h i gh gain.
(PSM)  has been covere d u pre y I su er pr’.’se’n l e t  - i i i - ,

( 5) (6)  ( 7 ) .  1 1 ,  gen e r a t o r  c~ i tut t ,uitu is 0 .6  v p u . Arsgu i l u r  A .~~ t e r o m e t i ’rs :  Hi ’ ’ AMS IA II I I l u l  Mu’

I ‘i ii Se n s o r )  was  uie .ve’lop ’d und,’r s ; st’ , r ’ . h u t p 2

-

~ 
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£ISC/PJSRL by Okubo Instruments. Four AIlS units, day; output , multi—range , the threshold measuremen t

two horizontal axis and two vertical axis (azimuth) was made on 2 my (sensitivity) range where output

have been completed and are In use as motion moni- was about 25 my per 0.025 micro—a.

toring sensors. The four AIlS sensors are of 0.16
Hz natural frequency, wi th response compensated in Azimuth Angle Sensor : No capability currently

the 0,16 — 2 Hz region to be flat to velocity. The exists for D.C. azimuth measurements. The azimuth

output is high pass filtered at about 0.1 Hz ft for orienta tor on hand is a de tec tor of angu lar mo tion

our application. Specifications are : threshold of the Iso—pad with respect to the base floor; i.e.

about 0.005 arc seconds p—p at 0.15 Hz; stability it is not an inertial reference . Azimuth motion at

(near—D.C. filtered) renull required of 1/week high f requenc ies, say 0.1 Hz and higher , can be

maximum intervals after warm—up; and output 1 volt/ 
measured with vertical axis AI4S and matched seis—

arc second/second (1. Hz). Size limitations have mometer pair.

resulted in threshold above that of other new sen-
sors, but the AMS at 6 lbs can be mounted on tlee IV. Instrument Test Data

gyro table.
In att emp ts to determ ine per formance  of the

Linear Accelerometers: Thee DIAX Linear Acceler— various sensors and Iso—pad , servo ef f e c ts , reac—

ometera were developed under sponsorship of AFSC/ tions to known excitations , determinations of

FJSRL by DIAX Inc. FJSRL has thence DIAX sensors , cross—coupl ing between axes, etc., severa l  h undred
one vertical and two horizontal. For the test data measurements have been made. Thee few examp les
covered in ’this paper , the two horizontal sensors covered in this section are measurements which

are set up to both sense N—S motion for comparison, better illustrate comparative instrument perfor—

SpeciIlcations/performance arc : threshold well be— mance. To reiterate , d irec t comparison s of the
low 0.025 micro—g; stab ility ahoiet 0.5 micro—g per
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sensors are only possible within the context of the 48 , 59, 65, and 6? Hz effects edge wotion to a much

application (as in any apples vs oranges situation), larger extent . As a result, the sum of four •eis—
tleometers (“vertical seismometer”) sees large total
deflectione at 60 and 66 Hz.Quiescent Data: Measurements with most sen-

sors , the HS—lO pair “Angular seismometers ,” N—S
DIAX , Ver tical Diax , horizontal MiS, vertical AIlS,
HS—lO pair “Azimu th seismometers ,” Hg TM, and the log P80’s —61TOG gyro , have been made of the active Leo—pad
under quiescent conditions. Figure 7 shows these
measurements as PSD’s in the frequency band of D.Cr
2.5 Hz. Of note are frequency points at 1.23, 1.65, Ang—Seis
1.83, 1.9 and 2.25 Hz. The 1.23 Hz indicated by 

a
N—S angular seismometers should have been (and is)
well squelched by the angular servos; therefore ,
the small signal sensed may be an indica t ion of
HS—lO mismatch. Perusal of the N—S DIAX shows per-
haps a small angular plus translation motion;
horizontal AIlS and Hg TM (both sensing N—S angular —32
motion) show no angular motion at 1.23 Hz. Then,
the Ver tical Diax provides the confirming evidence -

a large 1.23 Hz signal indicating the vertical mo-
t ion at this frequency. Finally the TGG gyro,
input axis alined E—W , shows no 1.23 Hz, as it N—S DIAX a
should if It were angular . The nature of the 1.63
and 1.83 Hz vibra tions is in doubt; they are sensed
by the Hg TM and N—S DIAX , marginally by the Angu-
lar seismomet er , and are apparen t ly below the AIlS b
threshold. The 1.9 Hz is a vertical motion (see 

~~ cj tatjon to N—S Mg—Shakers
vertical DIAX) which due to HS—lO mismatch results at 15.le Hz, Amplitude varied —

in a small apparent angular signal. And the 2.25 (a) apx,1 micro—g c
Hz is a N—S angular motion (see angular seismometer, (b)=o.25 ~ (a)
Hg TM , AIlS, and N—S DIAX); the 2.25 Hz does not (c)~ O.O~ x (a)ap~sear on the vettical DlA1t.

Threshold Determ inations: The technique most
often used for threshold measurement , incremental
reductions in an easily measured variable , was used 2 Hz 15.le liz
for all such determinations. Tli~ var iable might 1”ig. 9 Threshold determination
be , for  example , the  vol tage to an e x c i t e r , or
feedback gain resistor in the exciter aseplifiet
rathe r than a direct measurement of the sensible
motions. Genera l ly ,  t h i s  t e c h n i q u e , w h i c h  assumes
linear behavior in the method of excitat ion , is
satisfactory. However , wherever possible , the
exc it at ion was also measur ed by means of ano .ber log P80 a
Instrument , more sensitive by inherent ch’aracte eis—
tic , or by the nature of the set—up. Such is the
case in the example shown in Figure 9. Here a
large excitation using a sine wave generator at 15
Hz to North and South (at 18(1° phase diff erence)
Iso—pad exciters (shakers), imparts a N—S angular
motion to the Iso—pad. The angular motion Is
sensed by the seismoseeter—pair and the N—S flAX
(Figure 9a). (The linear excitation to the flAX is
proportional to thee vertical distance of flAX from
axis of rotation). The excitation is then reduced
to a value which Is ilot discern ible by the seneor
under test. (Figure 9c).

10 20 50 6o
Examp1es of Iso-p~ d B ~pd&nA : A redundancy of Frequency— liz

sensor types has provided a good illustration of Fig. 10 Illustration of Iso—pad bending
this subject (discussed earlier). Figure 10 shows
PSD ’s of two verti cal measurements ~f the Iso—pad;
(a) the Vertical flAx , loc ated near thee Iso—pad
center , and (h) the “ver tical selsmome’ter”, a
measurement obtained by stemm ing the signals from 

~ jiescent Level plus Calibrated Excitations:the vertical HS—lO’ s located i t  the four cardinal Tbe VS”) plot s , Vt~ ure ~~, in c o r p o r a t e  d a t a  on m ost
points of the Iso—pad . Bending at resonant fre— of the Iso—pad sensor set and the TOG under a N—S
quencles Imparts su’me vertical met e,tns to the n,’ar angular met eon excitation and identical test condi-
center of the Iso-pci! , as su ’eri by the fLAX outpUts tions. Basic test conditions are: the Iso—pad
at 4+ , 50 , 59, and 64 Hz. How,’ver , the - bending N-S and E-W angular servo channels are ac tive ; sine
shown pictori a ll y b y  Rrode’rs”t, (4) at tour modes ,
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wave excitation si gnal is imposed in the pneumatic —4--——-——-—-f-—-—-—f—--------4———-4—--—-4 ~iL
controls to effect a N—S angular motion of 0.005 log PSD’~arc seconds at 0.15 Hz; and the lab is maintained
at “quiet ” operational status . All sensors detec-
ted the calibration signal, and f or some sensors ,
incl ud ing the TOG , it Is evident that motion of 1
or 2 orders of magnitude smaller woeeld be measur-
able.

V. Third Generation Gyroscope (TOG) 

/og— _ eis(Il—S)
I~~ L_Goal~~: The immediate goals of the Iso—pad

pro jec t  w i t h  respect to the TOG were: (a)  to pro-
vide a stable test base compatible with the gyro

effect of a “qu iet” vibration condition en gyro
performance spec i f ica t ions  (8 ) ;  (b)  determine the TOG Gy ro ( I A  E—W

data; ( c )  show t h a t  known motion exc i ta t ions  of
Iso—pad are sensed by the gyro; and (d) determine

g. Ex~itat1to what degree the mot ion  “ res idue ” , on thee ac t ive .i:,.5,.6,.7,,8, & .9 HzIso—pad is measu rab le  ( f o r  f u r t h e r  correlat ion to
gyro ou tput  measucemen t s ) . To a s ign i f i cant ex-
tent , goals (b), ( C ) ,  and (d), have been attained
as shown in test data. Goal (a) is recognized as
incomp lete in that thee Iso—pad objectives of milli—
arc s t a b i l i t y  is approached i cr  only pa r t s  of the
D.C. to 100 Hz frequency band ; (more on that in SERVOthe Improvement section).

Test Data: Agai ee referring to Figure 8, it is
noted that , at least in the f r e q u e n c y  band of
about 0.02 to 0.15 Hz , the angular seismometer ,
fLAX , Hg TM , and 114—3 sensors leave thresholds of 5
to 20 db below thee g v r e s  background level .  This
level may be gyro noise , I so—pad  mot ion , or b o t h .
More long t e rm t i - ; t s , with correlation studies are
r e q u i r e d  to  c l a r i t - ;  t h i s  p o in t , as w e l l  as thee
extent t o  wh ich  t i l l s  back g r o u nd mo t i o n  can be
modeled , 

-

For f u r t h e r  dc’mnn st  r a t i o n  of the correlation 4 4 I I —t—---)—-+---I—--—--——
between Iso—pad m o t i o n  and gyro  o u t p u t , Fi gure 11 . - j . C 2
shows PDS ’s of g v r s  and a n g u l a r  sci smumete r s  under e c u en c y —  l iz
conditions of sine wave N—S angular excitation In

~g. 11 Gyr /1s -— -i ad Corrc~ aticr.steps of 0.1 Hz t r e e  0.4 Hz to  0.9 Hz.  Note  cor-
re la t ion , and also the improvement th at the active
conrol effects on servo , and cii g y r o  PSD ’ a . At
0.9 Hz th ee A n g u l a r  se i smomete r  sensed mot ion is

N~~~ Ang—S eisdown 28 db with active servos and the gyro ou tpu t

~~~~~~~~~~ 
log PSD’ s

Is down 26 db. fpsn lmprovement~~~121

A test  to me,-eseer e the  a c tiv e  servo e f f e c t  on —

sonneL t r a f f i c  is shown in Figure  12. Since most
traffic , particularly door openings , has the ef-
fect of generating “pulse ” pressure transients at
low repetition rates , a random noise generator 4

(RN( ) signal , wIth 5 Hz maximum f req e eency,  was
used as excitation source Into the N—S (Angular)

gyro output PSD under conditions of simulated per— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

shakers. The PSI) integral , equal to rms power

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ IA E-W~

levels , are improved by a f-e u tor of 25  and 121 for
gyro and angular s,-lsm ometers respectively. It

ftc is not as dist u rbing as the real thing.
appears (See Figure 5) that RNG simeelation of traf— 

= 25V I. ~~~~~~est Table

The test table at FJSRL is a Fecker Co. table
w ith gas hydrostatic primary axis bearing, journal

.3 1 5 10 20
I’ r equency—liz

Fig. I Active— servo improverieret to Gy ro t o r i

B
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s c c c n da r v  axis tnea ri erg, optical oeecoder read—outs , struments will extend azimuth inertial measurements
and c o m p u e t e r  u- o n ; n a t i b l e  controls for automatic to perhaps 0.0003 Hz or lower .
s e t t i ng of o r i e i t e r i o n  and ra tes  (9) . A v i b r a t i o n
s e n s i t i v i t y  w i t h i n  t h e  t e s t  t a b l e , h o p e f u l l y  amen— Im~~~~~’d~~~~alyses  (Data  Processing) : The
ab le to c o r re c t i o n , i l l u s t r a t e s  a p r o b l e m  area prese u e t  equi pment  f o r  sensor si gnal processing has
which may be u rec’xp ec;,-t to thee t e iwie , and c e r t a i n -  not  been di scussed , s u f f i c e  to say , there  are
ly shows the vaLue ne t  an i tr e ce t set capable  of l i m i t a t i o n s  such as cor re la t ion  of more than  two
a variety of vibration measui- emn -eets . Using (lee real t ime s ignals , capac i ty  for  increased c om p u t a —
PSM/EV—22’s resonant vibration n O t - s  wer e d e t e r —  tional accuracy, and tests of digital control con—
mined to be a s ’n o - i a t e d  withe the t , e h l e  m o u n t i n g —  cepts  (discussed below) . T h e r e f o r e , near  f u t u r e
base . Figure 13 shows h o r i z o n t a l  and vertical plans do include replacement of the present 8K
“tran~,t~-r functions ” between base ,rered gimbal , under  computer/spectrum analyzer.
quiet  condi t  totes .  The r e sonan t  f re q u e n c i e s  a re  23
and 26 h h z .  Ac t ive  Servo Controls: Aside from improvement

in the servo sensors , covered above , two improve-
ment areas are in work . First is simply an exten-
sion of present control configuration to improve
low frequency performat:i e by improved compensation
and long—period sensors . Second are efforts under-
way towards digital servo control of the Iso—pad.
Pr eliminary  con cep t , single channel perf ormance
and simulation studies of digital controls  fo r  the
Iso—pad have been covered by Lamont (10) . Applica-
tion of dig ital servo controls to the Iso—pad is

pu ta tiona l  capac i ty  of the Iso—pad f a c i l i t y .1 g  ~ra. cer ~
- -~~c-n~ l i t i  ~e --; - .- 01 VIII. References
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